Increased definition of cement lines aids in the identification of secondary osteons in bone. A staining protocol taken from Burr (Anat Rec 232:180-189, 1991) and modified by Havill using toluidine blue on plastic-embedded bone specimens was applied to cranial core and femoral shaft sections but proved to be too time-consuming and inconsistent. Experimentation resulted in a different protocol for each bone type, perhaps as the result of differences in section thickness and cortical area. Staining of femoral sections proved particularly difficult, with increased etching duration and agitation proving most influential in intensity and uniforlnity of stain. (The J Histoteclznol 28: 73, 2005) 
Introduction
Several methods have been ~~s e d to stain undecalcified bone tissue in an attempt to observe celnent lines and osteons more clearly. Cresyl fast violet, thionin dye (I), and Villanueva's bone stain (2) have been used to successf~~lly identify cement lines and demarcate complete and fragmentary osteons in fixed osseous tissue. Basic f~~c h s i n stain, although useful on fresh, unfixed tissue (3, 4) , has proven ineffective for highlighting celnent lines in cranial and femoral bone from cadavers (5, 6) .
Schenk et al. (7) developed a staining protocol using toluidine blue for observing cement lines in thin (1-3 km) sections; this was subsequently modified for thick sections of desiccated bone tissue from the femoral Inidshaft of macaques (8, 9) . Schenk's toluidine blue protocol proved to be time consuming and inconsistent when applied to bone from embalmed specimens. Toluidine blue is useful in the identification of celnent lines, which turn dark blue subsequent to staining. Cement lines separate secondary osteons (lo), and although the biomechanical function of cement lines continues to be debated (1 I), it is generally agreed that their co~nposition is distinct from that of lamellar bone (1 1-13). This study examines the effectiveness of toluidine blue (Sigma-Aldrich, St. Louis, MO) as a stain for cadaver bone tissue, based on earlier protocols for fresh bone and provides modification to earlier protocols to improve consistency and time-efficiency. Cranial core and femoral sections are used to investigate variation in staining success using toluidine blue.
Materials and Methods
Full-thickness cores from the frontal bone of the calvarium and complete cross-sections from the femoral midshaft were taken from embalmed cadavers and embedded in methyl methacrylate (MMA). Material was dehydrated through a graded series of ethanols (70%, 80% [two changes], 95% [two changes], 100% [two changes]), cleared in xylenes, and infiltrated with unpolymerized MMA. All steps were performed for 4 h under vacuum (17 in Hg) at room temperature (RT). The material was then infiltrated under vacuum at RT for 7+ days in a mixture of MMA + 3% dibutyl pthalate. Finally, the rnaterial was embedded using a mixture of MMA + 3% dibutyl pthalate + 0.25% Perkadox and left to polymerize at RT.
It is possible that fluids used in embal~ning could influence staining success, but the rnaterial used in this analysis was derived from several different medical science programs and therefore could not be controlled for. The material used in this analysis was derived from older adult individuals. Each block was sectioned with a diamond wire saw (Histosaw, Delaware Diamond Knives, Wilmington, DE) at a thickness ranging from 70 to 90 k m for frontal bones and 90-120 Fm for femoral bone. Sections were placed into tissue cassettes before processing.
Bone sections from the frontal bone and femur were stained with toluidine blue according to Schenk's toluidine blue protocol (7), with minor modifications (8, 9) . The ~nodifications to the original protocol included increasing Also, the modified protocol used a dehydration component absent from the original protocol to increase differentiation. Subsequent to differentiation, the sections were blotted dry with a paper towel and then stacked and weighted for 3 days to flatten the sections. Sections were then cleared in xylene for 30 s, mounted with Eukitt's adhesive onto individual glass slides, and coverslipped. Because the sections were thick, the glass slide and coverslip were held in place with a weight for 2-3 days until dry.
In an attempt to identify cement lines in bone, the staining protocol as modified by Burr et al. (8) and Havill (9) was used for analysis of cranial core sections. However, use of this protocol failed to stain osseous tissue, although associated soft tissue absorbed the solution sufficiently. Given the difficulty and time investment involved in sectioning femoral shafts, individual sections were quartered for use in staining experimentation. Unlike the frontal bone sections, which were processed individually, femoral sections were processed collectively. The formic acid solution (0.1 %) consisted of 0.1 mL of formic acid (88% stock solution) and 100 mL of dH,O. The toluidine blue solution (1%) consisted of 1 g of toluidine blue, 1 g of sodium borate anhydrous, and 100 mL of dH,O. The pH of the toluidine blue solution was approximately 9.0. In this analysis, the hydration factor was sodium borate decahydrate. The concentrations of the formic acid and toluidine blue solutions were held constant in the inquiries below.
Assessment of the sections was qualitative in nature. The optimally stained section was dark enough to improve identification of cement lines relative to the unstained section, yet not overly dark such that the surrounding bone matrix hindered observation. In this sense distinguishing between cement lines and matrix also played a part in the assessment of quality. Finally, it was considered advantageous if the section was uniformly stained and free of excess debris resulting from the sectioning process.
Experiment C: Agitation
A further series of experiments to assess the effects of agitation were undertaken.to further optimize staining procedures. In this experiment, one section received agitation using a shaker plate (-60 rpm) while in the toluidine blue solution, whereas the other section received agitation during exposure to formic acid (0.1%), EtOH (70%), and toludine blue steps. For each section, etching and staining times were held at 3 and 5 min, respectively.
Experiment D: Etching and Stain Duration With Agitation
Upon discovering the influence of agitation on staining intensity, the interactions between AE and staining times with agitation were examined. Both AE times (5 and 10 min) and staining times (10 and 15 min) were manipulated in a series of four experiments ( Table 2) . Given that agitation increases staining intensity, a series of tests were performed to investigate how restricting agitation to the staining component of the protocol compared to agitation at all stages. Etching time was held at 3 min, whereas staining time and agitation were varied (Table 3) . To examine the interaction between AE duration and agitation three experiments were performed, varying etching duration (2, 3, and 4 min; randomly chosen) while maintaining agitation at every stage of the protocol.
Experirnent E: Differentiation
Comparisons were made between the differentiated and undifferentiated frontal bone groups, choosing the appropriate staining time and method based on the best resolution Entire procedure The first experiment tested variation in staining intensity 15 Toluidine blue only with varying time in the toluidine blue solution. To investigate this, one section was submerged in toluidine blue for 15 Entire procedure and demarcations of the structures within the bone tissue. In this context, differentiation refers to the removal of stain from the bone matrix except for the feature(s) of interest, in this case: cement lines. In the first group of sample sections, differentiation with 70% EtOH to remove excess stain and decolorize the majority of the bone matrix (14) took place subsequent to staining, whereas the second group of sample sections remained undifferentiated.
Experiment F: Alcohol Duration
In an attempt to minimize overall staining time, the effects of varying alcohol duration under full agitation were investigated. Immersion in alcohol can also serve to etch the section by softening the embedding media (i.e., MMA), thereby permitting the dye better access to the tissue. To determine the optimal duration of the alcohol step, sections were stained under identical conditions with the exception of the alcohol stage (Table 4 ).
Experiinent G: Sltelf L$e
The age of stain was examined as a potential influence on staining success. Previous experience suggested that toluidine blue has a limited shelf life; thus, sections of the same specimen were processed with solutions mixed 5 weeks and 2 weeks before staining. 
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Experir~zertt A: Stain Duratioiz
The results suggest more variation within individual specimens than between specimens stained for 5 and 15 min, suggesting that staining duration does not influence demarcation of cement lines (Table 5 ; Figures 1, A and B ).
Experiinent B: Acid Etching
Results suggest a relationship between AE duration and staining intensity, with the darkest specimens having been etched for the longest period of time (Table 5 ; Figure I , C-F). Unetched specimens demonstrated no staining of osseous tissue, although the associated soft tissue was stained. Variation in staining success was highly variable within individual sections independent of etching duration.
Experirne~tt C: Agitation
Each protocol produced uniform staining, but also produced an unexpected result as the staining intensity also increased with agitation (Table 5 ; Figure 2, A and B) . As these figures demonstrate, staining intensity is greater in the specimen that was agitated during exposure to formic acid (0.1%), EtOH (70%), and toludine blue.
Table 4. Effects of Alcohol Duration Under Full Agitation
Time irz toluidirze blzle Acid etchirzg Alcohol 3 5 0 3 5 5 3 5 10 3 5 15
Experiment D: Etching and Stain Duration With Agitation
These procedures resulted in uniformly stained sections that were too intensely stained for optimal definition of cement lines. Furthermore, the duration of staining did not substantially affect staining intensity, as sections stained at 5 and 15 min were of equal intensity (Table 5 ; Figure 2 , C-F). However, etching time greatly influenced staining success, as increased etching removes a greater amount of calcium and MMA allowing the dye to penetrate deeper into the section, thereby increasing staining intensity.
Once again the importance of agitation was demonstrated, as sections agitated throughout the protocol were darker than sections agitated during individual components of the staining protocol (Table 5 ; Figures 1 [A and B] and 3 [A and B]). Variation in staining duration produced no differences. In the 5and 15-min staining protocols, sections agitated during exposure to toluidine blue only were lighter than those agitated throughout the duration of the procedure, but both resulted in usable specimens. To increase intensity of stain it is suggested to increase etching time.
The section etched for 2 min was inarkedly lighter and did not define the cement lines well. Etching for 4 ~n i n produced the best results with better definition of the cement line, but was not noticeably different from the section etched for 3 min (Table 5; Figure 3 , C-E).
Experiment E: Differentiation
Optimal results were produced by staining the sections in toluidine blue for 5 min followed by the differentiation step for 30 s.
Experiinent F: Alcohol Duration
Results suggest a graded effect, with increased time in alcohol producing more constant and intense staining of the Figme 4, A*) . That is. there were rw Wfem~ces in staining intensity between seaions, but i n the tiat at ion of cement b e 6 xesultbg W m hd alcobd expure. It is useful ta me, however, that the diff w h c e in qaafity between &oas s b h d at 10 arid 15 min was negligible.
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